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At3 OETECTABILITY OF STEP TREMDS IH TUB 

lATE OF ATMOSFHiRIC SULPHATE DEPOSITION 

Edward A. Kclaan, Hlchal C. Xoapcar (nd Grahaaa J. Firquhir 

I>*|»rtiKnt of Civil Engtiutclng 

Uolvarilty a( WaOrloo 

VaurliM, OnCiria, K2L )C1, Canada 



ABSTIACT 
Stap tirand analyiaa ara pacforaad on acid dapoaltlsn raCaa uaing a 
emblnatlon of iMnlCsrad aulphata dapoaltlsn data and « iong-ranga 
traiuport of acid priclpltatton (lATAP) Kdal. Tha atap trand analyaaa 
ooiuldara Sudbury' a aialailona and aaatarn North Aacrlca'a nalaalon* ts 
axplora ac»ca|laa for raduclng aulphur dloilda aaiuloiM auch that a 
daoraua In aulpluca dapoaltloa la datactad In a apaclflad tia* period. 
Reaulta lodlcata Sudbury'a asladma could b* raducad vlth ilgnlClcant 
datsotabla radtutiona In aulphata dapoiltlon occurring at ch« Nuakolu 
ragton. Significant dacaetabla raductlona do not occur alaawhara dua id 
tha variability of Bonitoring data ■uaking- tha uall changa In 
aulphata dapoaltlona ataaclatad with abataaant. Raductlona In aaatarn 
Hocth AaarUa'a aalaaloni vould caault In wldaapraad avldenca of 
•Ignlflcant datactabia raductlona. 
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DETECTABILITY OF STEP TRENDS IN THE 
RATE OF ATHOSFHERIC SULPHATE D£rt)£tTl(»1 
EdvArd h. McBean, Hlchal G. Koaptftr and Grahaa* J. Fari]uh«r 
EHTROOUCTION 

Acid rain la an laportant Canadlan/Aawrlcan tranaboundarjr «lr 
polluclon problaa with dacrliuncaL affacCa obaarvabla over aaatern North 
Aaarica. The problaa hai bean acknovladgad by both Che Canadian and 
Amarlcan sovatnaanta as r*(|uirlnA raaadlal acclon and claan-up (*.£. 
Schlaraalai apd Hlira, 19B2), Handataa hava baan aat to control 
etiilaslon lavela, auch at at Sudbury' ■ *««Icin£ Induatrlaa (IMCQ and 
Fa Lconbr idga Ltd . > . Uowevar , tha ta ara a 1 1 LI conal darabl a ncada for 
reduction in eBlaaiDTia befora attalnaant of auggaatad dapotiton catea of 
20 k£/ha ara achlavad at saLactad aaitaitiva locatlona in eaatam North 
AiMrlca (Ontario Niniatry of tha Etivltoiwant, 19B0>, 

DectaLon-aakara requlra tnforaution calatlng aalaalon controla (ot 
raducfiona) Co the nuiri>ec of yeara of lonltorLn^ re'qulred to detect a 
algntficant chan£a In aulphata dapaaltion. A reduction oC aslMlofW 
doaa not alnply liaply reducClona in aulpheta dapoaltlon Mill be dctectad 
dua to tha introduction of uind and pracipitatton variability^ If 
reduction! occur, reductiona in aulphate dapoaltion may occur if wind 
and pracipication effecca ar« alniBal, i.e. average ■etaoroioslcal 
affacta occur. However, if it ahouLd rain aore in a apeclflc year or 
vlnd effacti occur auch that a iargar porCton of lulphacta era 
transported to a apeclflc location, than aulphate dapoaitlona vay be 
higher than Ln pravLous yaara, even with an aMlaaion reduction. Aa a 
raeulc^ a detectabiltty ol step trends analyaia ia required auch that 
decision-sakers may be abl« to tepoit chan£,ea. [>atacCablliCy of step 
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,T.n,l. In th. r.t. of .t«..pt«rU .ulphale d.po.ltlon «r>"«"t' '". 
.v.lu.tlon p( th, nu.l«r of ,.«. of »ottorU« r..qMU*.t t- d.r.c. . 
.IgnlflODt ch.ng. in .»lph.te d.po.ltlo», K(v.n • .P«lfi«'l reduction 
In .ulphur dlo.lde <SOj) »«l.»lon. at ..rloui «Ii«loil .ourcM. 

The Mjor .ouf«. o( SOj c.laslonfi In «Mt«<i (torth A-erici «re {l> 
coil-po-.r.d >l«trlc1ty g.n.r.ting .t.tloi... .nd Hi) Indu.trl.! 
procM... «lth Ih. -O-Ht, of SOj ..l.tlon. c«lng fro- th. .«UUf 
l„d«.try (Ont.tlo Hlnl.tr, ol th, B,.vlr<.n..nt , l»»0). Th. Iflt.n.lly of 
,h, «l..lon. for 1980 .r. lllM.tr.t*! in FtgUK I. (ro. B.rrU .nd 
1l.l€. (198*) .nd h.»e r.Mlned ....ntl.lly conit.nt throughout th. ..rlj 
.tghtl... C.n.d. h.. th. l.rg." f l« ">""• "' •"IC'"" •"I"-'''* 
,.l..lon. con.l.tlng of IKCO .nd r.Uonhrldg, Silting Ud., producing 
«4.000 tonn,. of SOj p.r .nna. or 2.«I of th. tot.l North A«rU.n 
.ulphor dio.ld. .■l..ion.. Studl.. h.v. b..n eoi.pUt.d to ch.r«t.rl.. 
th. «(f.ct. of Sudhur,'! ..l..iont on th. y«t .nd dry .eld d.pMltlm. m. 
.«rrou»lll.g .r... (T.ng «t .1. IM*). b«t lUtl. work h.. h..n .tt.-pt.d 
In .t.p ir.od .n.l,.l.. Hlt.ch .nd ClUo» (1»«) -tt.-pt.d i .t.p tr.nd 
.n.lMl'i ho-.T.r. th., u..d .n o..r-.l-p«lH.<l •"'••1 "l-« 
pr.clplt.tlo. .. th. o-lT v.rl.bl. .oxrc. of Input Into th.U «d.l. 
Th.y fit . r.l.tlon.hlp of pt.elp It.t Ion d.t. to w.t .ulph.t. 
d.po.ltlon, Hov.y.r. «t .nlph.t. d.po.Ulon 1. C.Uul.t.d hj 
»UlplrEng coBcntr.tlen by pr.clplt.tlon. Ther.for.. m.lr flndl.g. 
,r. d.b.t.bl. .Inc. pr.ctplt.tlon .nd d.poiltlM .r. not lnd.p.r.d.nt. 

Sulphur dio.ld. ..1..10.. r..ult t. th. d.po.Ulon of .ulphur 
dlo>ld«. throughout ...t.™ North *«rlc.. Flgur. J (ro. g.rcl. .nd 
H.l.> (1«0 gi»" • ip.tl.l dUtributlon of th. .ulph.t. d.po.[tlon In 
...t.rn North toerlc. (or HW. 
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OgJECTIVES 

0( conc.rn, I. th. d.v.lopnnt of I Mthodologr (or detecting . 
• t.p ir.iKl In the r.t. of .t».ph.rlc .ulph.t. d.po.ttlon. Eil.tlng 

.ulph.t. d.po.ltlon d.t. .r. u..d to d.y.lop . rel.tlo..hip b.tw..n 
ch.ng.. in d.po.ltlon 1...1. .nd th. nu.b.t of y..r. r.^ulr.d to d.i.ct 
. .(golf lent chug. In th. d.po.Uloo l.v.l. Th. t-t..t 1. u..d to 
ld..tt{7 • .Ignldt.nt eh.ng. .t th. oo.-t.ll.d 9JX l«».l of 
(Ignlflc.nc. (LOS). Thii .n.lr.l. !• iwt "• *• con(u..d with reducing 
d.p<»Ulo<l 1...1. to (UggMtnl l.«H o( 20 kg/h./)fi. but d..ctlb. th. 
■bllUr to d.lect .Igntric.ntlr t.duc.d d.pa.Ctlon t.v*tl <l... th. .t.p 
tnnd) .(t.r * r.ductlon In .BL.lon. h.. occurr.d. 

1*. .bo*. ...It*" r.^«lr. ■enttor.d .ulph.ct d.po.ltlon d.t. (or 
v.rlou. ..I.ct.d loc.tloB. or r.c.ptor. to .)u«ntl()r (Otl.tlc.. 
Kc.ptor. »MC b. ..l.«.d b...d oa (h. location.' i.n.ltlvltr to .eld 
r.lo. O.t. .r. .cca.ul.t.d for th... loc.tlon. and itntlatlcllj 
analraad (or th.tt validity In b.lng .bl. to .p.tl.nT r.pr...oC th. 

loctlMi 

A aod.! c.pabl. of alKilatlng .ulph.t. d.po.ltloo d.t. I. requlr.d 
to r.l.t. parent .■l.aloo r.ductlon* .nd th. corra.ponding ch.og. In 
d.po*Ulon l.vcla. Th. .nnu.l UW-LIT -od.l (Shlpl.y .t .1. 19»') !• 
u>«d (ot thl. purpo... It haa b«« r.Tlnd UtO • ....oo.l -od.l «lth 
th* addition of pc.clpU.tloo v.rlabllUT. .nd c.llbtatad and yalldat.d 

to a:il.ttng «oltor.d d.t. (a.. »o-»t.r •»4 He*.... iW» (or d.t.ll.). 

Th. (tn.l .tag. r.qulr.a th. co«bln.ttoo of th. abov. two analya.. 

.uch th.t th. r.ault.ot .t.p tr.nd I. qu.ntl(l.d aa th. parent ..L.ton 

l.<el. to th. Bu«b.r o( year, of Bonltorlng raqulr.d to d.t.ct > 

tig.flc.nt r.ducttan In ivlph.t. d.p<»ltton. 
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The foci of the step trend enalysH Is on: 
I) [h< enlilloni fro. Su<lbarr'» t-eVUng co.pjoles, INCO .nd 

Ffl 1 COD br 1 dge L[d.» tnd, 
1) th« entire eettern North Ametlcmi emljslona network, 

noNlTKRlHC DATA ANALYSES 

The monitored data are obtained Iron sulphate depo»ltloo monltotlnj! 
et.tlon. (Unified Deposition Data taae Co-lttee, IS80 and L9S',, Ol.en 
■ nd Sl.i-lch, 1986. end Batrle and Hal... !«*). Seven receptor 
location, ate ehoaen baaed .^n their regional aanaltlvlty to acid 
precipitation. Exanlnlng the «jnltor«d data (or these location!, it la 
found that a large degree of variability exlata between .onUorIng 
stationa at anf receptor location. Honltorlng aulphate deposition data 
were (ggregatni lor each receptor location. Indicating the aean and 
variance ol the auiphate depoaltlon (Hated In Table I). Thl. 
aggregation of the Mnltored data for each receptor location la denoted 
as an "alrahed". Dellneatlona of the alraheda are given In Figure 3. 
Theae alraheda and the b..l. for their delineation are dlteu.aed in 
Koapter, (IW). 

The eatlMtea of the atatlatica In the atep trend an.ljala .ere 
calculated excluding the .onttored data lor the aeaaona of aup»er and 
fall of l»82 and winter I98J. alnce the e-Ia.lone at Sudbury, during 
thl. tlM period were non-e. latent . and It la a.au.ed that Sudburj I. a 
■■]or contributor to sulphate depoalllo". The reaultlng aesn and 
etandard deviations, are gUfen aa the first t»o coluKi. In Table 2, 
along with n,, the nuiaber of aonltortng atstlona of data. 
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STEP TKEND ANALYSES 

The nonltared data werv •nalyird Co rvlate the KagnLCitde of 
Bulphace depoiLtlcn ch^n^a, Co I K« rtuabcr t>f jrears of ■onltorlnx 
rei^ulred to detact the change. The ■naljrils uai perCorBcd using the t~ 
ataClatlc (Iiian and Canover, I9B3)| given «• : 



1 



where 1 






<i) 



Iq 95(1) n +11 ~^ ^* ^^^ C-«cati«clc il ch« otte-talled 957 level 

' 1 2 
of algnlf lc*nce (LOS) with ni+nj-Z degreea of freedaa; 

n J 1b the nunber aC yeara of data (or data potata before the 

change); 

112 i> the nuHber of ftttt td dtttet « change of atagnltuite "X.-T^; 

X1-X2 !■ the vagnltude of change^ 

2 
S la the pooled variance given aa : 



(t) 



whe re : 

S. la the Btandard deviation Iti the obaerved (konitored) data of 

ft ^ , *nd 
Sj la the atandard deviation In the Bbate*ent data of nj* 



The aCaadafd deviatfun fa aaauBed to be the •■■« for S. and 5* 
l+et the variance Is aafluaed to be the aaaa before end after 
reaedtatian. Aa m refult, S| - S^ - S end rearranging the t-etatlsttc, 
the Mignltude of change, (X^-X^) <uy b« written a« the following: 



*0.95O)n^*n2-2 



/ n, n_ 



(3) 
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The BAgnitude of rhani;» t^i~^2^ froq ■ reduced ealsaLon level tr> 
cause a ilgnlflcsnt reduction In depoattlon levels can be calculateH 
given S, ni n^ and ualnjf the correspondiTig [-statlstLc* 

Tti« calculattan* were perFor»ed uainK n^ value* oF 1,2,1,4,5^10,25 
and Infinity ( ■") • Using the value of Infinity tor n^ reauLli In 
Equation 3 being reduced taJ 



*l "2 " '0.95U>.- 



(*) 



The resultant calculat ions of X.^Xj ara given In Table 2. Muakoka 
Mill be iiaad aa an eKaaple to deMonatrate how to read Table 2. FroM 
Tabl* 2^ to detect a algnlflcant change In depoaltlon on an annual baala 
In one year of nonltorLng at Muakoka votild rtqjulre a chang* In 
depoaltlon of 9.S9 kg/ha* Monitoring ovar a two year period would 
require a reduction of 4,09 kg/ha on average to produce a algnlf leant 
reduction In aulphaca depoalcion (at the one-tailed 951 L.O,S.). It nay 
be noted that tha required changes In deposition are larga and aria* 
because of tha large variability froa yaac to yaar aad batwann 
■wnltorlng atatlona. 

IJPHC MHCE TIAHSTORT OF ACID PRECIPITATIOH MODEL 

The Long Range Transport of Acid Precipitation (LftTAI^)^ Ontario 
Ntnlatry of the Envlronaent at at la t leal aodel given In Shipley at al 
' J9fl7) has been revised to alaulate aeaaonal iulphate depoaltlon data. 
Parasetera used to revise the widel are obtained froa Venkatraa et al, 
(1962)^ Ellenton at al (1985) and are uaed In the aodel described In 
Koapter and HcBean (I988}t which Incorporate* precipitation vartablllty* 
Calibration and varlEication of thla aodel (UW-LHT) la provided In 
KoHpter and Hciean (I9SS}. Also, the revised aodel la capable of 






c^ 










• iBulatliii ■( reduced ■■Isslon lavala, Sudbury'i taltiloni arc a 
algntflcant contrlbuCor to aulphat* depoaltlon and during tb« aeaaona of 
auiuer and fall of 19A2 and wlnCtr 19S), Sudbur;r'a ealaatona uera non- 
cilaccnc due Co * (Imc-doun. Vlth [beM raducad ■■laalnna In the aodel, 
the aodel uaa capable al alaulatlng the reaultant aulphate depoaltlon 
lave la. 

Hodel tuna, for the atep trend analjrala were undertaken by aatclng 
the ealaaton lavela at parcantagea of OZ (I.e., no changa ) , 25Z, ^01, 
751 and lOOI (or reductlona of lOOI, 751, SOI, lil, and OX, 
raapacclvalr). Tba ebangtt In depoaltlon fXj^]> are (Ivan In Table ) 
for ealaalon controla at Sudbury'a aaaUara and Table 4 for eataalon 
controla acroaa aaatera North Aaarlca, 

COHIlNtllC HQNITOIIED DAT4 AMALTSES MID MODEL ANALYSES 

Coablnlng iha relatlonahlpa of Table 2 with Table } and Tabl* 1 
with Table 4, and cltalnaclni Ii-X2i raaulCa in percenCa|a aalaalona aa 

• fwKtlon of n2. aa la Indicated In Table i for Sudhurjr'a ealaalon* 
and Table i for aaatera North Aaarlc*** *Bl**lon*. Aa an aaaapla, 
conalder nuakoka for a 751 calaaloD level acroaa aaatern Morth Aaerlca* 
A chenge of 5.0 kg/ha (froa Table i) v(ll have occurred. Interpolating 
froa Table 2, a change la depoeltloa of S.O kg/ha uould require aore 
than one year but leaa chtn two yaari af aonltorlng to Identify a 
ataClatcal reduction froa the pre-abateaent levete. 

ANALYSIS Ot SUDBURY AS AN EHI5SI0N SOUICE 

The reaulta given In Table J, Indleat* that the Hnakok* alrahed le 
the only airshed which would detect a algnlflcant reduction In aulphete 
depoaltlon given the reduced ealaalon lavala at Sudbury. Tha reaalnlng 
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■Irihadl Mould t«ke *n Indiflnlt* number o( ye»r» to detect a change In 
daposltlon, I.e. Sudbury's ealiatona would not cau«<- • >lgnlf leant 
ceducllon In aulphite depodtlon at the other airaheds. Ttila Indtcatea 
that atat lat Icallir-alfnlCtcant detectable reductiona In aulphste 
depoaltinn nould onljr occur Bear Sudbur]r, I.e. the Muakoki region. Thl« 
becOMS apparent "hen jrou conalder the aagnlcudea due to the variance In 
the nonltoted data and compare the* to (he relatively •■all changea In 
deposition wblch occur due to the reduction 0* only Sudbury'a eslaalona. 
The vsriahlllty "maaka" any reduction In aulphiite depoaltlon «hlch aay 
have occurred due to Sudbury'a ealfsiona. 

AKALyaiS OF EASTERN NORTH AHEIllCA 

A alallar analyda to that perCorsed on Sadbury'l •alaalon la 
perforated ualng eaaCem North Aoartca'a aalaalon*. In other notda, all 
of the caUalon aaarcea in th* asdal vara coaputed at 01, 25Z, SOX, 6SX, 
751 and lOOI ealaiion level*. The reatilta ara given la Table 6, 
relating the percent aalsalona with th« nuaber ol »a«r» to detect a 

• ignldcant difference (nj)* 

A« Table b Indlcaiea, it all of the eulphate eaiaalon (oarcea la 
eaatern North Aaerlca were to reduce their ealaalona by 501, It would 
take five year* of aonltorlng <ot leea ) to detect a *l«nif leant change 
in acid depoaltlon (at the »Jt LOS), at all of the alrahed.. At 65X 
■alpliate ealaelona (or a reduction of 151), it would take II yeira or 
leca to detect ( significant change in acid depoaltlon at all of (he 

• Irthedt. It ahould be noted that a 50% or 151 reduction of ealtalona 
doee not indicate a 50X or 351 reduction ac the altaheda betauae of the 
aon-anthropogenlc aourcea (^aantifted •> background depoaltlon). Aa an 
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• ■••pl« deaonatratlon, 2/3 of Roundary Hatera depoaltlon and 1/2 of 
Algoaa'a depoaltlon la due to background eulphate depoaltlon; they 
require large reductiona In ealaalona before detectable change! occur. 
In addition, the depoaltlon at theae two locations la below the 
auggeaced aailaua depoaltlon level of 20 kg/ha/yr. Aa a raault, Ch* 
major focua ahould ha on ciM reaatning five receptora. 

CONCLPSIOm 

The conclualona arlaing froa thla atudy Include i 

1) atep trend analyaei for acid praetpllatloa require the coablaatlon 
of amltoTad atltUtlcal data and a audel to relate the eaiaalon 
levela to the auaber of year* of detection required to detect a 
algnif leant reduction In eulphate depoaltlon; 

2) the atep trend analyals of Sudbury'l ealaalona abataaent indicate 
that the Huakoka region would reault In algnlflcant detectable 
leduetlone in eulphate dapoeltloe; however, declalon-aikera would 
Dot ba able to detect algnlflcant reductiona of eulphate depoaltlon 
at the other aelected alraheda; 

1) tha control of eaatern North Aaerlea'a ealaalona Indicate that a 
50X reduction In ealaalona would require 5 years of aooltorlng or 
leaa to detect a algnlflcant reduction* For a 351 reduction, 12 
yeara of aonltoring or less would be required to detect a 
algnlflcant- reduction In eulphate depoeltloa; 

i) loundary Watera and Algaaa require longer perloda of aonltoring to 
detect a algnlflcant reduction In eulphate dcpoettlon due to the 
large percentage of depoaltlon due Co background depoaltlon, and, 

5) the variability In the aonltored data la large and lenda to "aaak" 
the elie of the aignltude of change required to detect a 
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■ Ignlflcant reduction In sulphate depnsltlon. A< a roult, lirg? 

rtdu<:ClDnt •r* requir*)) to detect •nf «l|(nir loot rediictlom. 
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Annual Honltorad Data 9iuHiry 
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1983 


1984 
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S.6 
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8.9 
2.2 
0.23 
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10.8 
1.0 
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6 


9.0 
1.8 
0.20 
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8.0 
1.4 
0.18 

S 


9.0 
1.0 
0.11 
20 


11.0 
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14.2 

4.) 

0.32 
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13.9 
4.9 
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14.2 
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11. 8 
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0.18 
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12 


26. S 
O.t 
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2».$ 
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0.1 
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3.2 

0,14 
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28.9 
9.1 
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0.00 
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22.4 
1.2 
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23.1 
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23. T 
3.2 
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12 


28. 1 
3.) 
O.U 
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30.5 
&.7 
0.22 
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24.1 
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29.2 
5.5 
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26.4 
7.6 
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27.7 
2.5 
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20 


IS. 4 
4.! 
0.12 
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0.1) 
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31.4 
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0.10 
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31.1 

4.6 
D.15 
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20 



4 - ar«ndjrd deviation lulphata dapoalcion (kg/ha> 

CV - coeEfUladC of if«rUcl«fl (m/t) 

n - nuabar of aaalcodn^ acactoHa data far tha airahad 
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Tabic 2 ChsnRcs in Average Annital Add Repiis It Ion , 
Given Huaber of lfe«r» to Detect Change (rvj) 

X B Hi Hj Bj Kj Oy Oj Hj H, "l 

f J 1 « 5 In 25 - 

UMINDAKT UATERS (IW) 

S.42 1.62 10 1.11 2.28 1.42 1.71 1.57 1.26 1.03 O.aA 

ALOOHA (AL) 

12. SO 2.6« 6 i.ti *.li 1.SV ].Z2 2.97 2.44 2.07 I. SO 

HUSKOKA <HU) 

26.16 2.78 B 5.i» ♦.(»» 3.45 J.0» 2.85 2.30 1.92 1.62 



table 3 Average Change* In Sulphate Dcpoaltlon at 5eLecte<l Senaltlva 
Alrahedat Given the Percentage Salaalon Changea at Sudbury 



m 



QUE8EC CITY (qC) 

24.)! 4.26 4 11.21 7.»7 6.S6 J. 85 S,42 



.... .... ... ^1 



NEU HAHFSHIItE (HH> 

24.66 5.83 8 



ARIRONOACKS (AD) 

28.13 5.85 II 11.08 8.08 6.79 6.05 5.5* 4.41 3.58 2.M 



11.72 8.57 7.23 6.47 5.97 4.83 4.02 1.39 [^ . J 



UEST PENNSYLVANIA (UP) 

35. IR 4.28 11 8.10 5.91 4.97 4.43 4.07 3.23 2. 



62 2.12 j I 
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0.52 


0.78 
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0.38 


0.77 


1.15 


1.54 
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0.25 


0.51 


0.77 


1.02 



Table 4 Average Changea In Sulphata Depoaltlon at Selected 
Sanaltlve Alrahedak Given Che Parcentage 'EKlaalon 
Changea in Eaatern North Aaerlca 
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Tabl« 5 The Nuiiber of Ye«ra of Monitoring Required 
to Deteet ■ Significant Otfference tn Acid 

OepoaLtlon based on Enisslon Reductions at Siidburjr 
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Table 6 The Number of Tears of honltorlng Required to Detect 
A SlgnECtcsnt Difference in Acid Depoaltlon for 
SasterB North Aaerlcs 
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Figure 1 North AnerUan SO Enlislona In 10 Tonnes (1980) 
(liirrle and Hales, 1»U) 
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Flgurr 2 Spatial OlsttlbutlDn at Sulphate (SO^) repoaltlun 

In Eaatrrn North toerica for 198Q (Barrlc and Halra, 19B4) 



KIgure 3 Airshed Ijicat iona With Honltorlni Sl«c)una 
Within the Alratiad Denoted 
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